Context: Bilateral adrenal hyperplasias (BAHs) may be caused by mutations of genes that code for molecules that participate in cAMP signaling. Little is known about cAMP signaling in adrenal lesions associated with ACTH-independent Cushing syndrome (AICS) that do not harbor mutations in known genes. Objective: We assessed the cAMP-signaling pathway by enzymatic and molecular studies. Design: Samples from 27 patients (ages 5-60 years) were studied and compared with normal adrenocortical tissue (nZ4) and aldosterone-producing adenomas (APA, nZ5). All samples were sequenced for GNAS, PRKAR1A, PDE11A, and PDE8B sequencing defects. cAMP levels and binding, protein kinase A, and phosphodiesterase (PDE) activities were assayed. Immunohistochemistry was used for certain studies and the phosphorylation status of CREB was studied. Patients: A total of 36 samples from patients were used. Results: Cortisol-producing adenomas (CPAs) and other lesions that were GNAS, PRKAR1A, PDE11A, and PDE8B gene mutation-negative were compared with PRKAR1A mutation-positive lesions, normal tissue, and APAs; abnormalities of the cAMP-signaling pathway were found in both BAHs and CPAs. Interestingly, mutation-negative CPAs had significantly decreased PDE activity. Conclusion: Lesions of the adrenal associated with AICS, independently of their GNAS, PRKAR1A, PDE11A, and PDE8B mutation status, have functional abnormalities of cAMP signaling. It is probable that epigenetic events or additional defects of genes involved in this pathway are responsible for this phenomenon.
Introduction
Cushing syndrome (CS) may be caused by ACTHindependent adrenocortical lesions (AICS) that include the relatively common cortisol-producing adenoma (CPA) and the various rare forms of bilateral adrenal hyperplasia (BAH) (1) . The cAMP-signaling pathway is involved in the pathogenesis of BAHs (2, 3): GNASactivating mutations were found in macronodular BAH in the context of McCune-Albright syndrome (4) and in massive macronodular adrenocortical disease (MMAD), also known as ACTH-independent macronodular adrenocortical hyperplasia (AIMAH) (5) , and G-protein-coupled receptor (GPCR) aberrant expression has been found in both MMAD/AIMAH and sporadic adrenal lesions, including CPAs (3, 6, 7) . Mutations in the PRKAR1A gene coding for the regulatory subunit 1A (R1A) of cAMP-dependent protein kinase A (PKA) are responsible for the most common form of micronodular BAH, primary pigmented nodular adrenocortical disease (PPNAD), a disease that may be isolated (iPPNAD) or part of Carney complex (CNC), a multiple endocrine neoplasia (MEN) syndrome (8) (9) (10) (11) . More recently, mutations in the phosphodiesterase (PDE) genes PDE11A and PDE8B have been found in isolated micronodular adrenocortical disease (iMAD) and iPP-NAD and other forms of BAHs, as well as in sporadic adrenocortical tumors (ADTs), (12) (13) (14) .
However, the vast majority of benign adrenocortical lesions associated with AICS does not bear germline or somatic sequence mutations in GNAS, PRKAR1A, PDE11A, or PDE8B. A minority of these tumors demonstrate abnormal expression of one or another of these genes due to somatic allelic losses or other, possibly epigenetic, events. For example, PRKAR1A losses in sporadic ADTs and MMAD/AIMAH without coding sequence alterations (15, 16) or PDE11A under-expression in several ADTs, including CPAs, were demonstrated by both mRNA and protein studies (14, 17, 18) .
The purpose of this study was to assess the overall activity of the cAMP-signaling pathway in ADTs that do not have coding sequence mutations or allelic losses for any of the above genes and genetic loci, respectively. These tumors were compared with those that had known PRKAR1A gene mutations and a small number of normal adrenal tissue samples and tissue from aldosterone-producing adenomas (APA). A relatively simple and general approach was taken; cAMP levels and cAMP-binding activity were assayed followed by total PKA and PDE activities along with the protein levels of the main molecular players. The data are suggestive of functional abnormalities of this pathway, albeit at different levels, in many of these lesions.
Materials and methods

Patients and adrenal tissue collection
All clinical studies were approved by the Eunice Kennedy Shriver National Institute of Child Health and Human Development Institutional Review Board. Thirty-two patients (21 women and 11 men), aged 5-60 years with AICS, have participated in this study (Table 1) . Patients were divided in diagnostic groups according to their histopathological findings after bilateral or unilateral adrenalectomy: there were 13 patients with MMAD/AIMAH, eight with PPNAD (with or without CNC and with PRKAR1A mutations), three with iMAD, and three with CPA. All samples were analyzed simultaneously and compared with four normal adrenal glands collected from unrelated patients, as well as five APAs. The group described as 'BAHs without PRKAR1A mutations' includes the MMAD/AIMAH and the iMAD patients, who bear no sequence mutations in the GNAS, PRKAR1A, PDE11A, and PDE8B gene. For the CREB and immunostaining studies, an additional group of controls, 3 tissues with PDE11A mutations, were studied; these samples have been extensively described by Horvath et al. (12) .
All samples had been collected during surgery, immediately dissected and separated from periadrenal fat and other elements, and stored in liquid nitrogen until use. DNA sequencing of the GNAS, PRKARIA, PDE11A, and PDE8B gene was completed as published elsewhere (8, 12, 19) .
Assays for cAMP levels and binding activity, and PKA activity Levels of cAMP were measured in tissue extracts using the cAMP 3H Biotrak Assay System (Amersham Biosciences). Samples were homogenized in ethanol and centrifuged at maximum 1000 g for 10 min. The supernatant was dried and resuspended in 50 ml of assay buffer according to the manufacturer's instructions. Two samples were prepared from each surgical specimen and assayed.
The Gilman procedure was used to measure the cAMP-binding activity (20) . Protein extract (see PKA activity) of 50 mg in a total volume of 0.4 ml, containing 50 mM of Tris 7.5, 8 mM of MgCl 2 , and 0.15 mM [3H] cAMP were used as the incubation mixture. The samples were incubated for 50 min at 4 8C and the reaction was stopped by adding 2 ml of potassium phosphate buffer (20 mM). The final mixture was passed through Millipore (Billerica, MA, USA) filters followed by washing with 15 ml of the same buffer (potassium phosphate buffer). The radioactivity was then assessed using liquid scintillation counting.
PKA activity was measured following the protocol described earlier by Nesterova et al. (21, 22) . Tissue samples were extracted in 10 mM Tris-HCl, pH 7.5, 1 mM EDTA, and 0.1 mM dithiothreitol (DTT) protease inhibitor cocktail I (EMD Biosciences, Darmstadt, Germany). About 10 mg protein of the tissue extracts were added to the reaction mixture (50 ml) containing 0.025 mM [g-32 P] ATP, 5 mM kemptide, 10 mM MgCl 2 G5 mM cAMP, and 5 mM PKA inhibitor (PKI). The mixture was incubated for 15 min at 30 8C, spotted on phosphocellulose filters, and washed for three times using 0.1% phosphoric acid. The filters were left to air dry before analysis by liquid scintillation counter.
Basal levels of PKA activity represent the nonstimulated PKA activity. Total PKA activity reflects the PKA activity after the addition of cAMP; free PKA activity represents the difference in PKA activity without the addition of cAMP and that without cAMP but with PKI. Also, we calculated the PKA activity ratio; basal PKA activity/total PKA activity, to determine how much PKA is present in its active state.
PDE activity
A colorimetric method was used according to recommended protocol in order to determine the PDE activity in all our samples; BIOMOL GREENTM Reagent supplied by QuantiZymeTM Assay System, BIOMOL International, LP (Plymouth Meeting, PA, USA). This PDE assay is mainly based on the degradation of cAMP and cGMP by a cyclic nucleotide PDE and the subsequent counting of the phosphate released, using the BIOMOL GREEN Reagent. Also, a non-specific cyclic nucleotide PDE inhibitor, 3-isobutyl-1-methylxanthine, was used in order to study the degree of PDE inhibition in our samples. None MN, midnight; F, female; M, male; age (year), age at diagnosis; MMAD, massive macronodular adrenocortical disease; AIMAH, ACTH-independent macronodular adrenal hyperplasia; CNC, Carney complex; PPNAD, primary pigmented adrenocortical disease; iPPNAD, isolated PPNAD; iMAD, isolated micronodular adrenocortical disease; CPA, cortisol-producing adenoma; APA, aldosterone-producing adenoma; BADX, bilateral adrenalectomy; UADX, unilateral adrenalectomy; PRKAR1A, PKA regulatory subunit 1A; normal range: cortisol: 5-25 mg/dl.
Preparation of proteins, western blotting and immunohistochemistry
Tissues from patients and their tumors were processed as previously published (12, 18) . Total cellular protein extracts from frozen tissues or cultured cells were prepared using RIPA buffer (20 mM Hepes, 250 mM NaCl, 10% glycerol, 1% NP-40, 0.5% deoxycholate, 2 mM DTT, and protease inhibitor). Twenty micrograms from cell lysates (and 50 mg from tissue lysates) of total protein were subjected to SDS/PAGE using a 4-20% gradient gel. The proteins were transferred to nitrocellulose membranes, and CREB and phosphor (P) CREB were detected by western blotting using polyclonal antibodies (12, 18) that are commercially available (Upstate, Waltham, MA, USA). The same antibodies were also used for immunohistochemistry (IHC). An antibody specific for PDE11A was also used for IHC as directed by the manufacturer (Abcam, Cambridge, MA, USA) at 1:500, and 1:100 dilutions, as described previously (12, 18) on paraffin-embedded tissue slides. Similar methods were used for the CREB and p-CREB immunostaining (western blot and IHC). All slides used for IHC were then scored by at least two reviewers that were blinded to the genetic defects of these lesions or the clinical diagnosis, as we have done elsewhere (15, 19) .
Statistical analysis
All assays were obtained in duplicate measurements and an average was calculated for each value. Comparisons were made using a two-sample t-test and P values were considered significant at P!0.05.
Results
Genetic studies
A total of 27 patients with AICS were studied ( Table 1) ; both tumor and peripheral DNA were studied for GNAS, PRKARIA, PDE11A, and PDE8B gene mutations and allelic losses of the respective chromosomal loci (data not shown). Only the PPNAD patients had germline mutations of the PRKAR1A gene; these mutations are listed in Table 1 . Patients with APAs (5) were operated for hyperaldosteronism; normal adrenal tissue was available from four subjects.
PKA activity
PKA activity was determined with and without the addition of cAMP and PKI in all samples (Table 2) . We then used the ratio between 'basal' and 'total' activity ( Fig. 1A) because of individual variability and traditionally this is the best way of assessing PKA activity (20) (21) (22) . We termed 'basal' all PKA activities that were detected without the addition of cAMP; we called 'free' the difference between PKA activity without the addition of cAMP and that without cAMP but with PKI. After the addition of cAMP and PKI, total PKA activity was practically returning to activity without cAMP.
All 
cAMP levels and cAMP binding
All lesions had higher cAMP levels than normal adrenal tissue, including APAs ( Fig. 1B; Table 2 ). When subgrouped, CPAs (6.3G3.4 arbitrary units/mg) were not different from BAHs without PRKAR1A mutations (6.6G2.3 arbitrary units/mg) or PPNAD caused by PRKAR1A mutations (6.1G3.6 arbitrary units/mg).
In addition, all lesions associated with AICS (with the exception of PPNAD) had higher cAMP-binding activity ( Fig. 1C; 
PDE activity
CPAs had the lowest PDE activity (Fig. 1D , Table 2 These data suggested that lesions with PRKAR1A mutations have higher PDE activity, whereas sporadic CPAs have lower PDE activity. We then used an antibody for a highly expressed PDE in the adrenal, PDE11A, to stain paraffin-fixed slides from five PPNAD specimens and three sporadic CPAs; consistent with the above biochemical data, all PPNADs showed high expression of PDE11A (Fig. 1E) and especially within the cortisolproducing nodules (Fig. 1F) . In contrast, all three sporadic CPAs (that did not have any mutations in any of the tested genes) had lower PDE11A expression within the tumor tissue compared with surrounding normal adrenal cortex (Fig. 1G ).
CREB and P-CREB western blotting and IHC
We assessed CREB and P-CREB in all tissues by western blotting; there were no statistically significant different ratios of P-CREB versus CREB between the groups, including CPAs and APAs (data not shown). Since this was inconsistent with the above data, BAHs, bilateral adrenal hyperplasias; PRKAR1A, PKA regulatory subunit 1A; MMAD, massive macronodular adrenocortical disease; PPNAD, primary pigmented adrenocortical disease; iMAD, isolated micronodular adrenocortical disease; CPA, cortisol-producing adenoma; APA, aldosterone-producing adenoma. Units, cAMP levels, arbitrary units/mg; cAMP-binding activity, c.p.m./mg of protein; PDE activity, arbitrary units/mg.
we wanted to explore this further. We then specifically analyzed three tumors with known protein-truncating PDE11A mutations that we have published elsewhere (12) , which clearly had decreased PDE activity and increased cAMP levels (12, 14, 19) , and compared their data with the lesions studied here (Fig. 2) . The P-CREB/CREB ratio was significantly increased in iMAD with PDE11A mutations compared with all other lesions tested and the normal adrenal samples, as shown in Fig. 2 .
Immunostaining for CREB and P-CREB of CPA (3), iMAD without PDE11A mutations (3), iMAD with PDE11A mutations (4), and PPNAD with PRKAR1A mutations (5) showed that, indeed, only tumors with PDE11A mutations (described in 12) have a significantly higher CREB and P-CREB expression (Fig. 3) .
Discussion
In the present study, we investigated cAMP levels, cAMP-binding activity, PKA, and PDE activities in lesions associated with AICS (adrenal hyperplasias and adenomas) that had no mutations in the GNAS, PRKAR1A, PDE11A, and PDE8B genes and compared these data with those derived from samples with PPNAD and PRKAR1A mutations, and a limited number of normal adrenal glands and APAs. The data show that these benign tumors have abnormalities in the cAMP pathway; for example all ADTs tested had higher cAMP levels than normal adrenal tissue (Table 2) . Likewise, cAMP-binding activity was higher than normal adrenal tissue in all non-PRKAR1A-related lesions, independently of the histology, CPAs, and Figure 1 (A-D) PKA activity ratio, cAMP levels, cAMP-binding, and PDE activity in BAHs without PRKAR1A mutations, PPNAD (due to PRKAR1A mutations), CPAs, APAs, and normal adrenal tissue (*statistically significant compared with normal samples); (E and F) staining for PDE11A, a tissue affected by PPNAD caused by a PRKAR1A-inactivating mutation (5! and 40! respectively); the nodular (Nod) cells stain strongly for PDE11A; (G) the opposite is true in a sporadic CPA: the nodular tissue (Nod) stains for PDE11A less strongly than the surrounding normal cortical (C) tissue.
BAHs without PRKAR1A mutations (MMAD/AIMAH and iMAD). PPNAD that is due to inactivating PRKAR1A mutations (8-10) was expected to have low cAMP-binding activity and it had so.
These tumors were not tested for aberrant expression of GPCR, but none of these lesions bore any of the known mutations of the cAMP pathway. Although aberrant GPCR expression could explain the higher cAMP levels (3, 6) in at least MMAD/AIMAH, cAMPbinding activity should not be affected by this phenomenon (20) (21) (22) . Alterations of cAMP endocellular receptors, as well as changes in the kinetics of cAMP responsiveness, are probably responsible for this observation.
Furthermore, the PKA activity ratio was decreased in BAHs compared with normal tissue. This finding was expected for samples bearing PRKAR1A mutations but not for samples from other BAHs, such as iMAD and MMAD/AIMAH that did not contain PRKAR1A or 17q22-24 defects (16) . PKA activity ratio indicates the amount of PKA that is in its active form (8, (20) (21) (22) . These data suggest that functional abnormalities of the PKA enzyme may be present in BAHs even when PRKAR1A and its chromosomal locus are not involved.
PDE activity was measured for the first time in CPAs; our data indicated a marked decrease in PDE activity in CPAs and a (non-significant) decrease in BAHs without PRKAR1A mutations in comparison with normal adrenal. These were lesions that did not have mutations in the known PDE genes that are mutated in ADTs (PDE11A and PDE8B), indicating that, perhaps, additional PDEs or genes that regulate the expression of the latter are involved in the pathogenesis of benign adrenocortical lesions. In fact, one of the reasons that we had so few CPAs in this study was that we had very few that did not have even benign polymorphisms of the PDE11A gene. PDE11A gene variants are very frequent in ADTs (14, 17, 18) , but the present data suggest that additional PDEs may be involved.
If abnormalities of the cAMP-signaling pathway are present in adrenal lesions associated with AICS, then CREB and P-CREB should be altered in these lesions; our data showed that this was not the case by western blotting in tissue lysates; only adrenal lesions with germline PDE11A mutations had an increased P-CREB/CREB ratio (Fig. 2) . Even samples with known PRKAR1A mutations (PPNAD), which have a known up-regulation of the cAMP-signaling/PKA system (8-11), had P-CREB/CREB ratio comparable with normal adrenal tissue.
We suspect that the reason for this discrepancy is that in CPAs with low PDE activity the postulated defect is somatic, present only within the tumor tissue and not Figure 2 P-CREB to CREB ratio (measured by optical density of western blots) using tissue lysates from normal adrenals, iMAD associated with PDE11A-inactivating mutations, PPNAD due to PRKAR1A mutations, and MMAD/AIMAH. Only tissues with iMAD and PDE11A mutations have increased P-CREB-to-CREB ratio. Figure 3 Immunostaining for CREB (A, D, and G) and P-CREB (B, C, E, F, H and I) of adrenocortical tissue from a patient with AICS and multiple CPAs who did not have any germline or somatic mutations in any of the genes tested (A-C), a patient with a germline PDE11A protein-truncating mutation (D-F), and a patient with PPNAD due to a PRKAR1A-inactivating mutation. Although, again, only the patient with the PDE11A defect had obvious up-regulation of both CREB and P-CREB (consistent with the western blot data presented in Fig. 2 ), there was increased nuclear staining for P-CREB in all lesions (see nuclear staining at C, F, and I, !40; all other panels are !5).
in the surrounding tissue. In a tissue lysate, it is impossible to separate the tumor tissue from surrounding cells, but within the nodule by IHC one does see an increase in nuclear staining of P-CREB (Fig. 3A-C) . Patients with PDE11A germline defects have abnormal PDE activity in all cells that is clearly leading to up-regulation of the CREB and P-CREB as shown in Fig. 3(D-F) in all cells, both adenomatous and of the surrounding cortex. On the other hand, patients with germline PRKAR1A defects have up-regulation of the PKA system (and consequently of the CREB and P-CREB molecules) only after loss of the normal allele; this occurs only within the nodules and not in the surrounding cortex (Fig. 3G-I) .
We conclude that almost all types of benign lesions of the adrenal gland that were tested in this study exhibited functional abnormalities of the cAMP-signaling pathway. These data indicate that more genetic defects of regulatory molecules of this pathway exist and remain to be identified; they also suggest that pharmacological modulation of the cAMP-signaling pathway could potentially be explored in the treatment of CS caused by benign adrenocortical lesions.
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